M
ucopolysaccharidosis type I (MPS I) or Hurler syndrome, a common lysosomal storage disease (LSD), is caused by defective ␣-L-iduronidase (IDUA) (EC3.2.1.76) and consequent systemic accumulation of the unprocessed glycosaminoglycans (GAGs) (1) . Clinical features in patients with MPS I include cardiac, hepatic, and soft tissue defects as well as CNS abnormalities in severely affected patients who would die by the age of 10 years if untreated. Allogeneic hematopoietic stem cell (HSC) transplantation (BMT) from healthy donors provides therapeutical benefits, including prolonging life and improving some of the visceral manifestations, by metabolic cross-correction from intercellular enzyme transfer (2) . Furthermore, BMT early in life (Ͻ2 years) leads to significant improvement in CNS outcomes, even though minimal or no response has been obtained for the reversal of preexisting CNS abnormalities (2) (3) (4) (5) . Despite these benefits, allogeneic transplantation is limited by a procedure-related mortality rate between 20-30%, late complications such as graft-versus-host disease, and the need to find an HLA-matched donor. A pharmaceutical IDUA product is now available and is being used to ameliorate visceral manifestations of MPS I in some patients.
However, it is limited by likely poor penetration to the CNS, the need for frequent i.v. infusions for a lifetime, and tremendous costs. A therapeutical approach with lower mortality and morbidity, and with the capacity to correct CNS deterioration, is needed.
Ex vivo HSC gene transfer followed by autologous transplantation is an attractive alternative for LSD treatment that could provide lifelong therapeutical effects without the morbidity and mortality of allogeneic transplantation. Previously, we showed the feasibility of transducing human primitive hematopoietic progenitors from MPS I patients (6) . However, in general, the frequencies of transduced and successfully engrafted HSCs have been low in gene therapy clinical trials. Strong in vivo selection pressure for genetically corrected cells appears to be necessary to obtain clinically relevant long-term functional corrections, as demonstrated in gene therapy trials for children with inherited immunodeficiencies (7) (8) (9) (10) . Unfortunately, inadvertent activation of cellular proto oncogenes by provirus insertion resulted in secondary leukemogenesis in two otherwise successful clinical trials (11) (12) (13) . In addition, selective advantage is not available for most other diseases.
Restricting transgene expression to late erythroblasts and RBCs may reduce the risk for activating oncogenes in HSCs and their offspring in all lineages (14, 15) . Moreover, healthy individuals can produce 2.4 ϫ 10 11 RBCs/d with a daily output of 7.2 g hemoglobin. Redirecting a portion of the formidable protein synthesis machinery in maturing erythroid cells toward the expression of a transgene may provide an efficient approach for long-term protein delivery to the circulation. The high efficiency of protein synthesis may compensate for the generally low HSC gene transfer frequency. Recent studies by Chang et al. (16) demonstrated the feasibility of longterm secretion of therapeutical levels of human factor IX in plasma from HSC-derived erythroid cells using the human ␤-globin promoter/enhancer. Our previous work has identified an ankyrin-1-based erythroid-specific hybrid promoter/enhancer (IHK) that could introduce high erythroid-specific expression in vivo in primary and secondary murine BMT recipients (17) .
In the present study, we hypothesize that maturing erythroid cells derived from genetically modified HSCs can provide long-term systemic production of IDUA and lead to phenotypic crosscorrection in an animal model of MPS I. Using lentiviral vectors (LVs), we demonstrated that the IHK promoter/enhancer provided inducible lysosomal IDUA expression and release during in vitro erythroid differentiation in murine erythroleukemia (MEL) cells, resulting in cross-correction in lymphoblastoid cells derived from an MPS I patient (LCLmps). We further showed in vivo that stable and higher than normal IDUA activity levels could be achieved in the plasma of primary or secondary MPS I chimeras for at least 9 months after transplantation of MPS I HSCs transduced with an IDUA-containing erythroid-specific LV. Long-term systemic metabolic correction and complete normalization of visceral pathology were attained in MPS I mice 5 months after treatment. Moreover, significant improvement of neurological function and brain pathology were achieved in MPS I mice by the erythroid-derived higher than normal peripheral IDUA protein. This approach would provide a paradigm for the utilization of RBC precursors as a depot for efficient and systemic delivery of proteins that are not conventionally secreted.
Results

Inducible IDUA Expression and Enzyme Release from IHK Promoter
During in Vitro Erythroid Differentiation in MEL Cells. To determine if cells from the erythroid lineage could produce and release lysosomal IDUA during erythroid differentiation, an erythroid MEL cell line was used to compare IDUA expression and enzyme release from 3 LV constructs containing the same expression cassette with 3 different promoters, i.e., erythroidspecific IHK promoter, ubiquitous cellular promoter of human elongation factor (EF)-1␣, and LTR promoter of spleen focusforming virus (SF) (Fig. 1A) . Progressive erythroid differentiation during hexamethylene bisacetamide (HMBA) induction of MEL cells was confirmed by morphologic evaluation and by histochemical staining with benzidine showing an increasing number of hemoglobin-expressing cells (Fig. S1 ). The mean fluorescent intensity (MFI) of GFP in stably transduced MELKIiG increased from a mean of 27 to 78 by day 8 of inductive culture, whereas the MFI in MEL-EIiG decreased from 228 to 84 and no significant change of MFI was observed in MEL-SIiG during erythroid induction (Fig. 1B) . IDUA expression from IHK promoter was relatively low (5% of SF and 8% of EF) in uninduced MEL-KIiG but increased 15-fold following induction, reaching an intracellular level similar to that obtained with the strong LTR promoter of SF (Fig. 1C) . After erythroid induction, IDUA expression from the EF promoter decreased to 17% of the uninduced levels, whereas the levels from SF promoter remained unchanged. A similar pattern was found in IDUA activity in the media from transduced MEL cells during induction. The endogenous IDUA levels of untransduced MEL control cells were very low (1.1 Ϯ 0.7 U/mg) and decreased to negligible levels during erythroid induction; no IDUA activity was ever found in culture medium. These results demonstrate that maturing erythroid cells can increasingly overexpress IDUA during differentiation to levels comparable to those of strong SF promoter and that a portion of the IDUA can be released from these cells.
Erythroid-Released Enzyme Cross-Corrected Lysosomal Defect in Cells
Derived from a Patient with MPS I. IDUA is synthesized in the endoplasmic reticulum as a 653-aa precursor that undergoes posttranslational glycosylation and extensive proteolytic processing to produce at least 10 polypeptides during passage through the endosome-lysosome compartments (18) . The enzyme is normally targeted to the lysosome via the cation-independent mannose 6-phosphate (M6P) receptor (MPR) (19) . To test if this endogenous uptake pathway remains effective for IDUA protein released by erythroid cells, lymphoblastoid cells derived from an MPS I patient were exposed to medium preconditioned by induced MEL-KIiG (Fig. S2) . The intracellular IDUA levels increased from undetectable to 0.8 U/mg (Fig. S2A ). This uptake process was inhibitable by the presence of M6P competitor. To determine the functional integrity of IDUA generated by erythroid cells, in situ immunostaining was performed using a fluorescent dye that could be endocytosed into lysosomes (Fig. S2B) . In contrast to normal LCL cells, untreated LCLmps cells contained more lysosomes (i.e., stronger fluorescent intensity), and these compartments might be smaller in size, as suggested by more uniform staining. The majority of LCLmps cells exposed to erythroid-released IDUA exhibited a normalized lysosomal pattern, and this was not seen in the presence of M6P. These data demonstrate that IDUA released from maturing erythroid cells can use the MPR lysosomal enzyme trafficking system and can also restore a normal pattern of lysosomal distribution and morphology in cells derived from MPS I patients.
Long-Term Supraphysiological Levels of IDUA Were Achieved in Plasma of MPS I Mice Transplanted with LV-KIiG-Transduced Enzyme-
Deficient HSCs. Next, we evaluated in vivo systemic IDUA production by erythroid-specific LVs in MPS I mice (Fig. 2) . Lin Ϫ bone marrow cells from MPS I mice were isolated by lineage depletion with 92-97% purity, followed by transduction twice with LV-KIiG or LV-EIiG for a total multiplicity of infection (MOI) of 20 or 18, respectively. Starting 2 weeks after BMT, plasma IDUA activity levels increased from undetectable levels to 27 Ϯ 9 U/mL and persisted at supraphysiological levels (4-fold higher than WT) until the end of the 5-month observation period ( Fig. 2A) . Only 0.7 Ϯ 0.2 U/mL plasma IDUA was present in MPS I mice that received WT marrow, and 7 Ϯ 4 U/mL was found in those receiving LV-EIiGtransduced Lin Ϫ cells. These results show that a lysosomal enzyme can be produced and released into the circulation in vivo by erythroid cells using tissue-specific LV, even though erythroid cells are not normally regarded as cells that secrete plasma proteins.
To determine whether gene transfer had occurred in primitive HSCs and could sustain long-term erythroid IDUA ''secretion,'' we conducted secondary transplantation in MPS I mice using bone marrow from primary recipients of LV-KIiG-transduced cells 5 months after primary BMT (Fig. 2B ). Stable erythroid IDUA expression derived from primary transduced HSCs was attained in all secondary recipients sampled 8 and 16 weeks after transplantation. Long-term plasma IDUA levels achieved in the secondary MPS I recipients were about 8-fold higher than WT levels.
To determine transgene frequency in primary and secondary BMT recipients, we evaluated GFP transgene frequency by realtime quantitative PCR in peripheral blood leukocytes (PBLs) and total bone marrow 4-5 months after transplantation (Fig. 2C) . Similar levels of transgene frequency were obtained with both EIiG and KIiG vectors in primary recipients, averaging 22 Ϯ 7% and 23 Ϯ 8% in PBLs and 24 Ϯ 12% and 28 Ϯ 16% in bone marrow, respectively. Stable gene transfer in HSCs was ascertained in secondary recipients for KIiG with 22 Ϯ 3% GFP ϩ in PBLs and 24 Ϯ 9% in bone marrow.
Five months after primary transplantation, spleen colonyforming unit (CFU-S) assays were carried out to determine transgene frequency and functional IDUA expression in the clonal progeny of LV-KIiG-transduced pluripotent HSCs/ progenitor cells after secondary transplants (Fig. 2 C and D) . Of 112 CFU-S colonies analyzed, 35 CFU-S were positive for the provirus determined by real-time qPCR (31%) and all expressed elevated IDUA as determined by enzyme assay. Of these, 32 colonies contained a single copy and 3 colonies contained 2 copies of provirus. The IDUA activity levels in MPS I CFU-S colonies harboring a single-copy KIiG insertion were 100 Ϯ 59 U/mg, which were 9-fold higher than those derived from heterozygous mice (11 Ϯ 6 U/mg). The mean IDUA level in LV-KIiG-transduced 2-copy CFU-S colonies was 299 Ϯ 86 U/mg. These observations were consistent with robust levels of IDUA detected in plasma of secondary MPS I recipients transplanted with primary LV-KIiG-transduced HSCs.
To determine whether erythroid-specific IDUA expression may affect normal erythropoiesis, a complete blood count was performed in primary or secondary MPS I chimeras 5-6 months after transplantation. Erythrocyte parameters were indistinguishable between MPS I chimeras receiving KIiG-transduced HSCs and those receiving WT bone marrow (Table S1 ). These results suggest that no significant perturbation of erythropoiesis occurred from IDUA transgene expression in these animals.
Erythroid-Specific Expression of IDUA Predominantly in Late Stages of
Erythroblasts. To investigate whether IDUA expression from LV-KIiG is erythroid-specific and to define its expression pattern during erythroid differentiation in vivo, GFP expression (as bicistronic gene downstream from IDUA) was evaluated in fresh bone marrow cells stained with the erythroid-specific cell surface markers Ter119 (glycophorin A-associated protein) and CD71 (transferrin receptor) (Fig. 3A) . The progressive maturation in erythroid precursor subpopulations, labeled as I-IV on the histograms, has been examined previously by us (20) and others (21, 22) . Population I corresponded mainly to proerythroblasts and early basophilic erythroblasts. Population II contained a mixture of basophilic, polychromatophilic, and orthochromatic erythroblasts. Population III contained reticulocytes and a fraction of mature RBCs, whereas population IV was mostly RBCs. GFP-expressing cells became detectable (i.e., significantly higher than background levels) starting from subpopulation II and further increased with greater percentage representation in later stages of erythroid differentiation (Fig. 3B) . Only background levels of expression were observed in nonerythroid populations (Ter119 Ϫ CD71 Ϫ fraction). The GFP expression levels, as determined by MFI, increased in population II, peaked in population III, and decreased again in population IV (Fig.  3C ). These results demonstrate predominant transgene expression in late stages of erythroid differentiation and confirm the erythroid restriction imparted by the IHK promoter as previously found with related ␤-globin-encoding vectors (17) .
To evaluate transgene expression in the clonal progeny of HSCs, we examined the cellular composition of individual CFU-S colonies and the GFP expression pattern in transduced colonies (Fig. S3) . Twenty CFU-S colonies were immunostained with erythroid markers CD71 and Ter119, and all of them contained 48-91% erythroblasts/reticulocytes (CD71 ϩ ) (Fig. S3 A and B) , suggesting that 12-day CFU-S colonies were either erythroid or multilineage colonies. Moreover, GFP expression was restricted in the middle/ late stages of erythroblasts and reticulocytes (Ter119 ϩ ) (Fig. S3C ).
Long-Term Systemic Metabolic Correction in MPS I Mice.
To evaluate the therapeutical effect of gene transfer, the GAG levels, a parameter for systemic metabolic accumulation, were determined in urine of treated MPS I groups in comparison with age-matched untreated MPS I and normal mice (Fig. 4A) . At 3 and 5 months after transplantation, the mean GAG levels for all transplanted groups were not different from those in normal controls. Untreated MPS I mice had significantly higher urinary GAG accumulation than all other groups (P Ͻ 0.01). These data indicate that significant systemic metabolic correction of storage disease can be achieved in MPS I chimeras receiving MPS I HSCs transduced with an erythroid-specific LV or receiving WT HSCs.
To evaluate the potential therapeutical effects of erythroidderived IDUA on multiorgan deficits in MPS I mice, histological examinations of liver, spleen, and heart were performed on 2 mice from the KIiG group (one with the highest plasma IDUA and the other with the lowest) and 2 MPS I mice transplanted with WT marrow, and the findings were then compared with those from untreated MPS I and WT animals ( Fig. 4 B-M) . Cytoplasmic vacuoles, which represent distended lysosomes from which the GAG contents have been leached by fixation, are the pathognomonic feature of MPS. In age-matched untreated MPS I mice, lysosomal inclusions were most marked in Kupffer cells that were distended by massive vacuoles as well as in hepatocytes (Fig. 4E) . Extensive pathological vacuoles were also observed in scattered perisinusoidal cells of the spleen (Fig. 4F) . The interstitial space between myocardial cells was distended by aggregates of vacuolated interstitial cells in the heart of untreated MPS I mice (Fig. 4G) . In contrast, tissues of all tested peripheral organs from MPS I mice transplanted with LV-KIiGtransduced MPS HSCs or those transplanted with WT HSCs were indistinguishable in regions examined from those of agematched WT controls. These results suggest that erythroidgenerated recombinant IDUA enzyme can correct lysosomal storage pathology completely in the liver, spleen, and heart.
Significant Improvement in Neurological Function and Brain Pathology in MPS I Mice with Higher Than Normal IDUA Activities in
Peripheral Blood. To determine if the supraphysiological levels of IDUA in the circulation could lead to functional neurological improvement in MPS I mice, a repeated open-field test was conducted (Fig. 5A ). This test has been shown previously to characterize nonaversive and nonassociative memory deficits in MPS I mice without gender differences (23) . Mice were exposed to the same open field for 3 repeated trials, with 30-min intertrial intervals. The normal mice showed a 58% reduction in horizontal locomotor activity, whereas the MPS I mice only showed a 9% reduction in activity (P Ͻ 0.001). Importantly, mice from the MPS/KIiG group exhibited 39% reduction in locomotor activity, a significant improvement toward normal behavior; whereas the MPS/WT group showed no significant improvement. In addition, the normal mice spent 41% more time grooming in the final trial than in the initial trial; however, the untreated mice spent 39% less time in the final trial (P Ͻ 0.001). Both treated groups showed significantly normalized grooming behavior, with 20% more time grooming for MPS/KIiG mice and 4% more for the MPS/WT group. Treated mice also had a greater reduction in rearing on the last trial compared with untreated controls. These observations suggested a significant improvement of the memory deficit in MPS I mice by erythroid-derived IDUA in peripheral blood.
We then compared the histological appearance of forebrain tissues (Fig. 5B) . Cells that were distended with pathological vacuoles were still visible in cerebral cortex of MPS/KIiG and MPS/WT chimeras; however, there appeared to be a reduction in the number of vacuolated cells. To evaluate the change more objectively, more than 500 microvessels were assessed for their association with vacuolated perivascular cells from 9 sections randomly selected from 3 slides of each animal. Significantly fewer brain capillaries were found to be associated with vacuolated perivascular cells from slides of both MPS/KIiG and MPS/WT groups than those from slides of MPS I controls (P Ͻ 0.01). Interestingly, the MPS/KIiG mice exhibited significantly less pathological accumulation than the MPS/WT group (P Ͻ 0.01). Taken together, these results demonstrate that behavioral deficits and CNS pathology can be improved but not cured by long-term supraphysiological IDUA in peripheral blood derived from erythroid cells.
Discussion
We have successfully demonstrated in depth a unique gene therapy approach that leads to extremely efficient, long-term, systemic delivery of a nonsecreted lysosomal enzyme at supraphysiological levels in the circulation. We showed that a lysosomal enzyme could be produced at high levels and ''secreted'' by erythroid cells during in vitro and in vivo definitive erythroid differentiation. Remarkably, with a relatively low vector copy number (0.2-0.3 copy per cell), IDUA levels 4-or 8-fold higher than WT were achieved in the blood circulation of primary or secondary MPS I chimeras during the 9 months of observation. These levels are at least 40-fold higher than those observed in MPS I mice fully engrafted with normal donor cells. Considering that 5% of normal plasma IDUA levels is therapeutical, based on allogeneic BMT experience in MPS I patients (5), one can speculate that only 0.3% transduced HSCs would be needed by this erythroid-specific gene therapy approach to achieve a similar therapeutical plasma level following autologous transplantation. Thus, this highly efficient erythroid-specific gene expression approach would make it substantially feasible to achieve clinical benefits even with the generally low levels of HSC gene transfer frequency (Ͻ1%) commonly obtained in most HSC gene therapy clinical trials.
Unlike intracellular IDUA polypeptides, the released form of IDUA from normal or enzyme-overexpressing cells appears not to be proteolytically processed and exhibits a unique molecular weight that is not found in cell lysate (18, 24) . We showed in vitro that IDUA-overexpressing MEL/KIiG cells could release IDUA in an inducible pattern but to a lesser extent than in intracellular enzyme production. Moreover, the released form of IDUA is fully functional with normal lysosomal enzyme trafficking and is suitable for uptake by other cells via receptor-mediated endocytosis, resulting in cross-correction of phenotypic defects in cells from MPS I patients. Importantly, we also demonstrated in vivo that the IDUA produced by erythroid cells could lead to long-term systemic metabolic correction as well as complete normalization of tissue pathology in all tested peripheral organs of treated MPS I mice.
Although proviral integration into HSCs by randomly integrating viral vectors has the potential to provide a lifelong therapeutical effect, it also carries the risk for insertional oncogenesis from the strong viral enhancers that can ubiquitously activate transgene expression (25, 26) . Vector genotoxicity has dampened the clinical success of ex vivo stem cell gene therapy for children with severe X-linked combined immunodeficiency (7, 8) and X-linked chronic granulomatous disease (10) . Subsequent studies have demonstrated that the ability of LTR promoters/enhancers to transactivate genes over large distances in both directions, largely attributed to the increased risk for transforming potential of vectors (27) . Thus, the use of vectors with intact LTRs now has limited clinical utility. As an alternative, promoters from cellular housekeeping genes may provide ubiquitous multilineage transgene expression and reduce the frequency of transactivating oncogenes. The EF-1␣ promoter is one of the strongest such promoters in HSCs tested in vitro and in vivo (28) . Yet, by restricting transgene expression to a single lineage, the erythroid-specific hybrid promoter evaluated here generated 4-fold higher plasma IDUA levels than those derived from EF-1␣ promoter. Moreover, this tissue-specific vector may provide additional safety benefits compared with ubiquitous promoters. To begin with, the possibility of transactivating neighboring genes is limited to a much smaller number of integration sites in transgenecontaining progeny of transduced HSCs, reducing the risk for insertional oncogenesis. In addition, highly efficient IDUA expression and release by IHK promoter would reduce the demand for the high vector copy numbers that are often associated with increased risks for genotoxicity. Finally, we showed that IHK promoterderived transgene expression was predominantly restricted to late stages of erythroid differentiation. Thus, the time frame for active transcription from the IHK promoter during precursor maturation is relatively brief (3-4 days). This is followed by expulsion of the nucleus as the cells become reticulocytes, which, arguably, is one of the most radical safety features imaginable.
Several factors may have contributed to the high efficiency of the erythroid cell-derived systemic lysosomal IDUA production reported in this study. To begin with, RBCs are the most abundant blood cells and are constantly replenished at a rate of more than 2 ϫ 10 6 cells/sec under normal hematopoiesis (29) . The enormous cell mass and rapid turnover are likely to boost IDUA production at any given time and contribute to the high plasma enzyme levels. In addition, Sadelain and coworkers (16) have demonstrated the feasibility of introducing long-term secretion of a secreted clotting factor, human factor IX, using a ␤-globin promoter and its locus control region. In this study, we chose to use a hybrid promoter/ enhancer containing the core sequence from human ankryin-1 gene promoter (30), a strong enhancer HS40 variant upstream from human embryonic -globin gene (31) , and the intron 8 enhancer of erythroid ALAS gene (32) . This promoter has been shown in vivo to drive high erythroid-specific GFP expression and to retain viral titers because of its relatively small size in comparison to other erythroid promoters (17) .
Although reprogramming erythroid cells for highly efficient continuous lysosomal enzyme production in circulation with phenotypic corrections is in itself an important finding, the improvement in brain pathology and behavioral deficit in MPS I mice after long-term peripheral IDUA delivery is one of the most compelling observations of this study. It has been generally believed that the blood-brain barrier (BBB) in the mature brain is largely impermeable to lysosomal enzymes, and that the CNS benefits observed in some patients with LSD receiving allogeneic BMT treatment early in life (Ͻ2 years old) may depend on diapedesis of donor HSC-derived macrophage/monocytes into the brain (33) . Recently, a study performed on mice with another LSD, metachromatic leukodystrophy, showed that gene-marked HSCs overexpressing relatively high levels of the aryl sulfatase A enzyme (ARSA) were far more efficient at reversing the preexisting CNS deficits (demyelination) than BMT using normal HSCs (34) . Higher than normal ARSA levels were achieved in serum by transplantation of transduced HSCs (using an LTR promoter). The gene-modified, donorderived, ARSA-overexpressing microglia cells were proposed to be the exclusive source of ARSA in the CNS. However, we showed here that CNS benefit could be obtained when the sole source of IDUA was in the peripheral circulation. One possible reason could be that migrating WBCs in the CNS are ''supercharged'' with IDUA by endocytosis from constant high enzyme levels in serum before crossing the BBB. It has been suggested that CNS pathology in several MPS conditions (including MPS I) contains an inflammatory component, which encourages more diapedesis than that occurring under healthy conditions (35) . On the other hand, several studies in some LSD models have shown evidence of partial clearance of CNS storage after multiple infusions of large doses of synthetic corrective enzyme in adult mice (36) . Low levels of brain entry were implicated to account for the effects, even though disappearance of these proteins from serum was reported to occur in minutes. More recently, it has been suggested that slowing clearance of the recombinant enzyme from the circulation could further improve CNS pathology in MPS VII mice (37, 38) . The LV-mediated erythroid-specific gene therapy approach developed here could provide continuously higher than normal IDUA in the circulation with potential lifelong CNS therapeutical benefits, although the precise mechanisms for CNS entry are to be determined.
In summary, our results demonstrate that late-stage erythroid cells transduced with a tissue-specific LV not only can produce and release a lysosomal enzyme successfully and continuously at supraphysiological levels in circulation but can achieve phenotypic correction in peripheral organs and the CNS of MPS I mice. This approach may break the conundrum of achieving high efficacy with high copy numbers, thereby increasing the risk for oncogenesis. Our study has important practical implications for treatment of many LSDs involving neurological defects, although the efficacy of this approach in large animal models remains to be assessed. These studies could also open a door for the utilization of RBC precursors as a depot for efficient, seemingly safer, systemic delivery of nonsecreted proteins by ex vivo HSC gene transfer.
Materials and Methods
LV Construction. Three bicistronic self-inactivating LVs were constructed by insertion into a third-generation LV backbone pLV-TW (39) with EF-1␣ promoter (GenBank database, accession no. AF403737, 1-1192), LTR promoter/enhancer from SF (40) , or an erythroid-specific hybrid IHK promoter (17) . The expression cassette IDUA-ires-GFP, containing human IDUA cDNA (41) and GFP, was inserted into the HpaI site. The transfer LVs were generated using the 4-plasmid system and concentrated as previously described (42) .
Further Details. Additional information on experimental methods may be found in SI Methods.
